We report experimental results on the first on-sky observation of atomic spin precession of mesospheric sodium driven by polarization modulation of a continuous-wave laser. The magnetic resonance was remotely detected from the ground by observing the enhancement of induced fluorescence when the driving frequency approached the precession frequency of sodium in the mesosphere, between 85 km and 100 km altitude. The experiment was performed at La Palma, and the uncertainty in the measured Larmor frequency (≈260 kHz) corresponded to an error in the geomagnetic field of 0.4 mG. The results are consistent with geomagnetic field models and with the theory of light-atom interaction in the mesosphere.
Introduction
The development of techniques for controling atomic spins have resulted in stable atomic frequency standards [1] , high resolution spectroscopy [2] and precise and accurate optical magnetometers [3] . Particularly, the measurement of magnetic fields with high sensitivity using optical magnetometers has had a broad impact, from tests of fundamental physics to biomedical and geophysical applications [4] . Recently, the demonstration of optical magnetometry using naturally occurring sodium atoms in the upper mesosphere (between 85 km and 100 km altitude) opened the way for new scenarios for research in this complex and uncontrolled environment [5, 6] . The remote detection of magnetic fields in the mesosphere brings opportunities for the study of scientific phenomena including ionic currents from oceanic tides [7] , dynamics in the upper mantle subduction zones [8] , and electric-current fluctuations in the ionosphere [9] , among others.
The principle of an optical magnetometer is to measure the response of an atomic medium to magnetic fields using light. In particular, resonant polarized light can be employed to selectively populate energy levels in an atomic ensemble. This mechanism, called optical pumping [10] , creates polarization in both the ground and excited state of the atomic medium. The action of an external magnetic field B produces precession of the atomic magnetic moments around the magnetic field at a rate given by f Larmor = γB,
where f Larmor is the Larmor frequency, γ is the gyromagnetic ratio of the atomic species and B is the magnetic field. For sodium, the ground-state gyromagnetic ratio is γ Na = 699.812 kHz/G. When the medium is pumped at f Larmor , a high degree of atomic polarization can be obtained as the atomic spins are driven synchronously with the precession during optical pumping [11, 12] . This results in a resonance in the response of the medium whose frequency is proportional to the strength of the external magnetic field, and gives the basis for absolute and precise magnetic field measurements. Traditional synchronous optical pumping schemes in optical magnetometers are based on intensity-or frequencymodulated light. By contrast, we pump with polarization-modulated light. This idea was first explored for studying quantum interference in atomic systems [13] and later extended as an alternative mechanism to induce magnetic resonances in atomic magnetometers [14, 15] . Recently, using a continuous-wave (CW) laser beam with polarization modulation to pump mesospheric sodium has been proposed as a mechanism for efficient optical pumping and increasing fluorescence from the sodium layer [16] .
In this work, we demonstrate in an on-sky experiment synchronous optical pumping of mesospheric sodium using a CW polarization-modulated laser beam and report the observation of a magnetic resonance when driving at the Larmor frequency. The pumping process is schematically depicted in Fig. 1 . Photons with left-hand circular polarization (σ + ) are absorbed and drive transitions from ground to an excited state with ∆m = +1, where m is the magnetic quantum number. The atoms then spontaneously decay. This increases the atomic spin polarization along the light propagation direction. However, if a magnetic field is applied perpendicular to the light propagation direction, atomic spins Larmorprecess around this field. Half of the Larmor period 1/(2f Larmor ) after pumping, the ground-state spin polarization points counter to the light propagation direction, and further pumping with left-hand circular polarization only depolarizes the medium. However, with the atomic polarization pointing in this direction, right-hand circular polarization (σ − ) can be used to increase the spin polarization; by continued polarization-switching every half-Larmor cycle, atoms can be pumped to the |m| = F end-states. This increases the return flux by confining atoms to strong cycling transitions with fluorescence preferentially along the laser propagation axis.
Experiment
The experiment was carried out at the Observatorio del Roque de los Muchachos, La Palma, during April 16th-17th, 2018. The experiment is schematically presented in Fig. 2 . The laser system was built by the European Southen Observatory (ESO) as a prototype for the new generation of laser guide star devices [17] . A master-oscillator-power-amplifier (MOPA) laser produces a 40 W CW beam at 1178 nm. The second-harmonic generation (SHG) crystal doubles the frequency of the infrared beam to produce a 20 W CW beam with a vacuum wavelength of 589.16 nm and a linewidth of ≈2 MHz. A function generator (Rigol 1062Z) followed by a power amplifier supplies a high-voltage signal to a custom-made broadband electro-optic modulator (EOM, Qubig D7v-R3-589). The electric field applied to the crystal introduces modulation of polarization of the laser beam. The laser beam is expanded through a Galilean telescope to a diameter of 30 cm. Photons emitted by the excited sodium atoms are collected on the ground with a commercial telescope of 40 cm diameter (Celestron Edge HD 1300) placed eight meters from the laser-launch telescope. A custom-made photometer consists of a pinhole placed at the focal plane of the telescope to isolate the sodium fluorescent spot, a narrowband filter of 0.30(5) nm bandwidth centered at the resonant wavelength of sodium, and a photomultiplier tube (PMT, Hamamatsu H7422). The analog photon-detection pulses from the PMT are filtered and amplified with a discriminator (Ortec 9327, not shown) producing clean TTL (transistor-transistor logic) pulses of 100 ns width. Individual pulses are time-tagged, recorded and transferred to a computer with a fast time-to-digital converter (TDC, Roithner LaserTechnik TTM8000). A custom-made integrator amplifier (not shown) with a 1-dB bandwidth of 900 Hz converts the sequence of TTL pulses into a slowlyvarying signal whose amplitude is proportional to the photon flux in the magnetic-resonance region. This signal is fed into the lock-in amplifier (LIA, Stanford Research SR865) that demodulates and extracts in real time the root-mean-square (RMS) amplitude of the AC component. With this approach, two parallel acquisition systems (TDC and LIA) provide redundancy and independent outputs for cross-checking. Figure 3 : Ellipticity of the laser beam measured at the output of the launch telescope. Here the modulation frequency is much lower than the Larmor frequency due to limitations of the polarimeter response. The polarization ellipses at the maximum and minimum ellipticity are also shown.
Results
The polarization of the laser beam was calibrated with a polarimeter (Thorlabs PAX5710VIS-T) placed at the output of the laser projector. A high-voltage signal of approximately ±350 V was used to drive the EOM at low frequency (Fig. 3) .
A maximum ellipticity excursion of ±30
• was achieved (the full σ + to σ − range is ±45 • ). We suspect that thermal birefringence due to heat transfer to the crystal when operating at high optical power, combined with a limited maximum voltage that can be supplied to the EOM, prevented us from reaching ±45
• ellipticity in the current setup. Proper crystal thermal management as well as improvements in light polarization purity through the optical elements of the laser head will be established for future experiments.
The use of polarization-modulated light in this approach has several advantages with respect to the intensity modulation used previously, for instance, the increase of the average photon return flux at fixed laser power, increasing the signal-to-noise ratio (SNR) for detection on the ground. The atmosphere does not impose a serious limitation regarding depolarization of the pump laser beam due to proagation through the turbulent layers, as shown by theoretical models and experiments on optical communications, where the depolarization due to the atmosphere was found to be less than 1% [18, 19] .
Scintillation due to atmospheric turbulence produces brightness fluctuations of the fluorescent sodium when seen from the surface of the Earth (a phenomenon commonly known as "star twinkling") that manifests in this experiment as detrimental intensity noise. To address the effects of scintillation, we dither the modulation frequency at a higher rate than the scintillation variations during the scan. Dithering the modulation frequency during the scan can also be beneficial in suppressing intensity fluctuations derived from thin cirrus clouds and density fluctuations in the sodium layer. The power spectrum of scintillation from stars measured at La Palma falls above 100 Hz [20] , thus we choose a dither frequency of f m = 300 Hz. The frequency of the polarization modulation is:
where f center is the central frequency of the modulation and δf is the excursion of the dither. For this experiment, the excursion was chosen as δf = 15 kHz in order to resolve narrower magnetic resonance features predicted by numerical simulations. The received signal must be demodulated to extract the magnetic resonance. The demodulation was carried out with a lock-in amplifier to detect the amplitude and phase of the signal component oscillating at f m and, independently and in parallel, by calculating the ratio of photon counts within consecutive semi-cycles of the dither period. The demodulated signal shows a point symmetric dip and peak, separated by 2δf , corresponding to the rising and falling slopes of the magnetic resonance probed during the frequency scan. The demodulation process produces the output S(f center + δf ) − S(f center − δf ) where S(f center ) is the flux at f center , resulting in two opposite sign copies of the original magnetic resonance S(f ) separated by 2δf .
Results of two scans performed at an elevation of 64
• and azimuth of +3
• are shown in Fig. 4 . The total laser power output was 12.5 W of which 10% was used for D 2 b repumping (sideband at +1713 MHz from resonance). The angle between the geomagnetic field and the laser beam was θ B = 80
• . The frequency axis shows the value of f center during the scan. Each peak is fitted with a double Lorentzian, representing broad and narrow components of the resonance. The Larmor frequency is found at the midpoint between peaks and is a free parameter of the model, in addition to the amplitude and width of the peaks. The separation of the peaks is fixed at 2δf . The geomagnetic field predicted by the World Magnetic Model 2015 (WMM2015) [21] at 85 km and 100 km altitude above La Palma is 0.3713(15) G and 0.3685(15) G respectively, which from Eq. 1 corresponds to a Larmor frequency of 259.8(1.0) kHz and 257.9(1.0) kHz. The estimates of the Larmor frequency obtained from fitting of the resonances shown in Fig. 4 are 259.7(3) kHz and 260.5(2) kHz, close to the prediction of the WMM2015 at altitudes within the boundaries of the sodium layer (as also shown in Fig. 4) .
The reading of our sky magnetometer can, in principle, be affected by vertical winds in the mesosphere and fast transient spikes in the sodium density within the sodium layer [22] leading to atoms precessing at different Larmor frequencies due to vertical magnetic field gradients (dB/dH = −1.83 × 10 −4 G/km at La Palma according to the WMM2015). For these reasons, parallel measurements of the vertical sodium density profile, for example, using a Light Detection and Ranging (LIDAR) system, as well as observing the fluorescence from small vertical layers of the sodium profile, could help to increase the accuracy of the Larmor frequency measurement in the vertical direction.
The resonance of Fig. 4 .a shows a flux enhancement of ∼4% at the Larmor frequency with respect to the flux at a modulation frequency of 230 kHz. The total photon-count rate during the scan is shown in the inset figure for each magnetic resonance in Fig. 4 . The strong fluctuations in the photon flux during the scan are a result of atmospheric turbulence and the sporadic presence of variable thin layers of dust in the troposphere due to the Saharan Air Layer passing over the Canary Islands. The reduction of the photon flux towards the end of the scan (inset Fig. 4 .a) and the oscillating flux during the scan (inset Fig. 4 .b) are a consequence of tracking errors in the receiver telescope which resulted in the fluorescent spot not being perfectly centered in the pinhole prior to the photomultiplier. The noise seen in the magnetic resonance is primarily due to shot noise and the residual effect of high-frequency scintillation.
Numerical simulations of the time evolution of the sodium atomic polarization using a density-matrix model [23] show that the measured signal in our setup can be well described by two superposed Lorentzians (Fig. 5) . This observation supports our choice of fit functions of the magnetic resonances shown in Fig. 4 . In addition, the return-flux enhancement found from modeling shows good agreement with the data using the estimated experimental conditions for the measurements. The parameters used to simulate the magnetic resonance shown in Fig. 5 are given in Table 1 .
Simulations also show that the broad Lorentzian resonance is centered at a slightly different frequency off the narrow resonance at high irradiance. This effect is due to light shift due to real transitions [24] in which atoms precess in the excited state at a different frequency compared to that of ground-state; however, we expect to observe the shift in future measurements with better signal-to-noise ratio. 
Conclusions
In conclusion, we have observed for the first time, to the best of our knowledge, the atomic spin precession of mesospheric sodium induced by modulating the polarization of resonant continuous-wave laser beam at 589.16 nm. Severe weather conditions at La Palma allowed only two nights of observations. Therefore, additional measurement campaigns are foreseen to carry out a more complete study of the parameter space in order to understand the merits and shortcomings of this approach. Immediate possible applications include the mapping of geomagnetic fields at mesospheric scales and boosting the brightness of sodium laser guide stars when pointing in directions with large angles between the laser beam and the geomagnetic field lines.
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